ABSTRACT As part of an investigation into the potential unintended ecological impacts of transgenic trees, invertebrates were sampled from a Þeld trial of transgenic Pinus radiata D. Don carrying the expressed antibiotic resistance marker gene neomycin phosphotransferase II (nptII) along with other genes known to affect reproductive development in plants and from nontransformed control trees. Invertebrate species abundance, richness, diversity, and composition were measured and compared among trees of Þve different transclones and nontransformed isogenic control trees. Invertebrates were sampled at six-monthly intervals over a period of 2 yr. In total, 19,162 individuals were collected comprising 279 invertebrate recognizable taxonomic units. Total invertebrate populations as well as populations of herbivorous lepidopteran larvae and Hemiptera were compared among transgenic and control trees. The results show that the transclones had no signiÞcant unintended inßuence on species abundance, richness, diversity, or composition for all populations investigated.
Worldwide, there is an increasing demand for wood and wood products, placing severe pressure on natural forests through forest loss and degradation, and reducing the biodiversity contained therein. Commercial plantation forestry can provide an alternative source of the wood needed, for example, for the pulp and timber industries, enabling preservation of indigenous forests (Fenning and Gershenzon 2002) . Plantation forests usually have higher productivity than natural forests; hence, their capacity to reduce exploitation of natural forests is signiÞcant (Fenning et al. 2008 and references therein) . In New Zealand, plantation forests of radiata pine (Pinus radiata D. Don) have been shown to play an important role in natural forest protection (Forest Accord 1991 , Climate Accord 2007 and species conservation (Brockerhoff et al. 2005 ). These forests also provide an important habitat for a variety of native insects, including, for example, a high diversity of beetle species (McLean and Jones 2007, Pawson et al. 2008) . Environmental beneÞts of forestry such as preservation of biodiversity, improved water quality, erosion control, or reduced ßood risk could add market value to forestry products in future as consumers increasingly demand "eco-veriÞcation" of products beyond the current concept of carbon credits (Carswell and Burrows 2006) . Internationally, forests are also important in the Þght against global warming by acting as carbon sinks (Carswell and Burrows 2006) .
Commercial plantation forestry could potentially beneÞt from the provision of added value to wood and forestry products through genetic engineering to improve tree characteristics (Kellison 2007) . In particular, the development of enhanced resistance to forest pests and diseases, increased wood Þber strength, reduction of lateral branching and cone production, and resistance to herbicides are seen as fundamental enhancements that would add value to production forests (Walter 2004) . P. radiata is a major plantation species in many parts of the world, especially in the Southern Hemisphere (Lavery and Mead 1998) . This species is, genetically, still in a very early stage of domestication, and there is a growing trend for its genetic improvement (Henderson and Walter 2006, Burdon 2008) .
Despite the various beneÞts transgenic trees might have for production forests, there are many public concerns about potential impacts of transgenic trees on the environment and nontarget organisms (Walter 2004, Henderson and Walter 2006) . Forest trees are capable of persisting in unmanaged ecosystems (Finstad et al. 2007) , and are long-lived compared with short rotation agricultural crops. As a result, environmental exposure to any undesired characteristics would be prolonged, highlighting the importance of biosafety testing before the widespread deployment of transgenic trees (Farnum et al. 2007 ). The impacts of any newly-expressed proteins, or signiÞcantly upregulated plant proteins or metabolites, will need to be assessed via the tiered toxicity testing regimes currently used with transgenic arable crops (Dutton et al. 2003 , Romeis et al. 2008 . Additionally, public concerns about other potential impacts of transgenic trees may need to be answered. For example, concern has been expressed that genome-wide mutations associated with plant transformations may not necessarily be genetically linked to the transgene insertion site, but may arise as a consequence of tissue culture, Agrobacterium infection, and possibly particle bombardment and antibiotic use for selection of transgenics (Makarevitch et al. 2003 , Latham et al. 2006 .
The use of the antibiotic resistance marker gene neomycin phosphotransferase II (nptII) in genetic engineering has generated some debate (Bennett et al. 2004 , Anonymous 2008 , Craig et al. 2008 , Keese 2008 . Expression of nptII produces a 25-kDa enzyme that confers resistance to aminoglycoside antibiotics such as kanamycin or geneticin by catalyzing their phosphorylation, thus rendering them nontoxic to otherwise susceptible bacteria. The NPTII protein is expressed in the cytoplasm of transformed plant cells and will be ingested by insects feeding on these. Transgenic white spruce (Picea glauca [Moench] Voss) transformed with nptII and the marker gene uid were shown to be associated with communities of soil rhizobacteria that were signiÞcantly different from those associated with Bt-transformed or untransformed control trees (LeBlanc et al. 2007 ). This result raises the possibility of effects of the NPTII protein on microbial biota, which, together with soil invertebrates, play a key role in decomposition and nutrient cycling within complex soil ecosystems (OÕCallaghan et al. 2005) . In addition to potential indirect ecosystem effects on insects, any impacts on microbes that colonize the insect gut and contribute to nutrition for insects living on suboptimal diets, or play a role in resisting colonization of the insect gut by pathogens (Dillon and Dillon 2004), could affect insect Þtness. Concern has also been expressed about the persistence of genetic nptII material in soil for up to 2 yr, and the potential for horizontal gene transfer of nptII in transgenic plants to soil or gut microorganisms, although this risk is generally thought to be negligible (Gebhard and Smalla 1999 , Kay et al. 2002 , de Vries et al. 2003 , Jelenić 2003 , Bennett et al. 2004 , Brodeur-Campbell et al. 2006 , Lo et al. 2007 , Monier et al. 2007 , Nordgård et al. 2007 , Keese 2008 . Given some of the above-mentioned concerns and that genetic engineering in forestry is a relatively new technology, there is a need to assess environmental impacts of transgenic trees (Snow et al. 2005 , Hoenicka and Fladung 2006 , Filion 2008 , especially on species such as invertebrates that dwell or feed on the trees. However, any risk from genetically engineered trees to the environment should be assessed in the context of the effects of conventionally bred trees grown using normal forest management practices. Recently, it has been shown that conventionally bred varieties of a plant species may have larger variation within their genomes than varieties created by genetic engineering (Batista et al. 2008) , suggesting the possibility of a broader range of potential effects. More than 20% of New ZealandÕs forests are commercial plantations (1.8 million hectares), as distinct from natural indigenous forests (6.5 million hectares). Most of this production forest is planted in P. radiata (Ͼ90%) (Anonymous 2009). As an island nation, New Zealand has unique ßoral and faunal biodiversity, with many species being susceptible to extinction (Gibbs 2006) . This includes a highly endemic invertebrate fauna of which perhaps 50% is as yet undescribed (Halloy et al. 2001) .
New ZealandÕs Environmental Risk Management Authority (ERMA) is required under the Hazardous Substances and New Organisms Act (HSNO Act 1996) to take into account the intrinsic values and sustainability of all native and valued introduced ßora and fauna when assessing the suitability of transgenic plants for Þeld testing or release (HSNO Act 1996) . It was also recommended in the report of the New Zealand Royal Commission on Genetic ModiÞcation that an ecological assessment be required to determine the effects of genetic modiÞcation of forest trees on "insect and animal life, and biodiversity" (Royal Commission on Genetic ModiÞcation 2002).
Worldwide, there have been few experimental Þeld trials to assess potential environmental impacts of transgenic trees. The current study was undertaken to determine whether transgenic P. radiata trees modiÞed with the expressed nptII gene along with genes known to affect plant reproductive development may unintentionally alter the invertebrate populations found on radiata pine. The latter genes were leafy, apetala, and constans (Mandel et al. 1992 , Weigel et al. 1992 , Putterill et al. 1995 . The study aimed to compare species abundance, richness, diversity, and composition between transgenic and isogenic nontransgenic P. radiata clones in a Þeld trial for the following: total invertebrate communities, herbivorous lepidopteran larvae, and Hemiptera. To our knowledge, this is the Þrst investigation of its kind with a conifer.
Materials and Methods
Transgenic Trees. Transgenic P. radiata were produced in 1999, using embryogenic tissue and biolistic transformation (Walter et al. 1998) , resulting in 10 independent transformation events (transclones). Vectors for transformation were based on the plasmid pUC 19 (Yanisch-Perron et al. 1985) and contained the bla gene (ampicillin resistance gene) for selection in Escherichia coli. They also contained the antibiotic resistance marker gene nptII (conferring resistance against aminoglycoside antibiotics such as kanamycin or geneticin), under the control of the CaMV 35S promoter, for selection of transgenic plant tissue. The vectors further contained a gene related to reproductive development in Arabidopsis thaliana (L.) Heynh, leafy, apetala 1, and constans. Leafy (Weigel et al. 1992 ) and apetala 1 (Mandel et al. 1992 ) are necessary in Arabidopsis to determine ßower meristem identity, and constans (Putterill et al. 1995) promotes ßowering. However, reproductive development was not the focus of this study, and the plants were not grown to an age where reproductive development starts in radiata pine.
Putatively transgenic embryos and plantlets were recovered, and successful transformation was conÞrmed by polymerase chain reaction and Southern hybridization, and subsequently by nptII enzymelinked immunosorbent assay. Trees produced from these transformation events and isogenic, nontransformed controls were grown and assessed for 4 yr in a containment greenhouse. In 2003, 57 trees representing both the transgenic and control groups were transferred to a fenced Þeld site situated near mature P. radiata forest. The Þeld trial consisted of a block of Þve rows of 11Ð12 trees each, grown 3 m apart, and kept by pruning to a maximum height of 4.5 m, in compliance with the Þeld-test controls imposed by ERMA (Fig. 1) . These trees grew in the Þeld for 5 yr (i.e., until they were 9 yr old), and then were harvested in 2008, again in compliance with ERMA controls. For this study, invertebrates were sampled from a total of 30 trees comprising Þve trees from each of Þve randomly selected independent nptII transformation events and Þve nontransformed, control trees (i.e., transclones nptII-1 to nptII-5 and controls, hereafter referred to as treatment). Expression of nptII was measured by nptII enzyme-linked immunosorbent assay for each of the 30 trees in the trial when they were aged 4 yr, to conÞrm continued expression of the new gene at planting time. Trunk diameter for each tree was measured at each sampling event at a height of 25 cm above ground level.
Invertebrate Sampling. Invertebrates were sampled on four occasions from the 30 trees described above. Samples were taken by branch beating and sweep netting in October 2006, April and October 2007, and April 2008 (hereafter referred to as time). One of the 30 trees died from wind throw before the last two sampling events.
Beating samples were taken from four branches positioned at different sides of each tree and Ϸ1.5 m above the ground. A clear plastic bag (82 ϫ 45 cm) was placed over each selected branch and held closed at the inner end of the branch, and the branch was beaten 30 times. Invertebrates collected from all four branches were pooled for each tree. Plastic bags containing samples were partially inßated to avoid damage and the opening sealed with a twist tie and a knot to prevent escape of collected material. Sweep netting followed beating on the same day, after all beating had been completed. Sweep netting was carried out in the higher branches of each tree (well above the branches used for beating samples, using ladders) for 30 s, using two sweep nets simultaneously, one on each side of the tree. To prevent predation, the collected material from all samples was immediately transferred to a polystyrene cooling box containing frozen ice packs. Samples were taken to the laboratory within 24 h, where they were stored in a freezer. The samples were subsequently sorted to higher taxa in the laboratory and placed in alcohol. The sorted material was then further identiÞed to species level or recognizable taxonomic units (RTUs), and the number of each was counted.
Biodiversity Measures. Data on lepidopteran larvae and Hemiptera were analyzed separately as these groups were considered to be representative of resident herbivorous species using the trees as an essential food resource. Univariate as well as multivariate (species composition) biodiversity measures were quantiÞed using abundance data for each tree and sampling event with the software Primer v 6.1.11 (Clarke and Gorley 2006) . The components of univariate diversity measured were as follows: 1) specimen abundance (total number of individuals); 2) species richness (number of species); and 3) the SimpsonÕs diversity index for a Þnite community (D):
, where n i ϭ the number of individuals in the ith species and N ϭ the total number of individuals. The inverse form (1/D) was calculated so that larger numbers would correspond with greater diversity. The SimpsonÕs index is considered the most robust and meaningful diversity measure available (Magurran 2004) .
Statistical Methods. Specimen abundance, species richness, and SimpsonÕs index data were transformed by taking the natural logarithm to stabilize variance. Shapiro-Wilks test for normality and LeveneÕs test of homogeneity of variances were used to verify that specimen abundance, species richness, and SimpsonÕs index data conformed to the assumptions of analysis of variance (ANOVA) before analysis using SAS (SAS Institute 2009). The assumptions of normality and homogeneity of variances were met for specimen abundance and species richness, but not for the SimpsonÕs indices. Effects on SimpsonÕs indices were therefore examined in separate analyses (see below). Effect on Specimen Abundance and Species Richness. Overall Effect. Fitting the transformed data in repeat models with unstructured covariances between times found no evidence against the hypotheses that 1) the variances within times were the same, and 2) the covariances between times were zero. Collecting times were therefore assumed to be independent of each other, and a two-way ANOVA was carried out. Differences between geometric means (back-transformed least square means) in specimen abundance and species richness for each treatment were analyzed using a general linear model (PROC GLM) (SAS Institute 2009). An ANOVA type III test of Þxed effects was used to determine effects of treatment (transclones nptII-1 to nptII-5 and controls), time, trees nested within treatments, and treatment ϫ time interaction.
Multiple Comparisons. Where the initial ANOVA detected apparent differences (signiÞcant F value), multiple pairwise comparisons of means were undertaken using t tests with a Tukey adjustment to reduce the likelihood of type I errors.
Overall Effect With Tree Diameter Added. To further investigate the model in which the multiple pairwise comparisons resulted in nonsigniÞcant treatments contradictory to the apparent treatment differences (signiÞcant F value) in the initial ANOVA, tree diameter was added as a covariate to the model. This was analyzed using a nonparametric permutation analysis of covariance with the software PERMANOVA ϩ for PRIMER v6, to provide a distribution-free test (Anderson et al. 2008 ). To investigate the explanatory power of the best model, the R 2 values for the total specimen abundance models were calculated R 2 model ϭ (SS) model /SS total , where SS is sum of squares.
Effect on Simpson's Index and Species Composition. For the total invertebrate, lepidopteran, and hemipteran communities, the univariate SimpsonÕs indices and the multivariate community composition were analyzed using a nonparametric permutation ANOVA and multivariate analysis of variance (MANOVA), respectively, with the software PERMANOVA ϩ for PRIMER v6. The univariate SimpsonÕs indices for the total invertebrate abundance, and the lepidopteran and hemipteran communities were square root transformed and the initial distance matrixes were calculated using Euclidean distance. The raw data for the multivariate community compositions were square root transformed to moderately reduce the inßuence of highly abundant species (Quinn and Keough 2002) . The initial distance matrices for the species composition were calculated using binomial deviance dissimilarity. The effects on the SimpsonÕs diversity indices and the species compositions were analyzed in a repeat measure model with tree diameter added as covariance testing for treatment effect (Þxed factor), time effect (Þxed factor), trees nested within treatments effect (random factor), and treatment ϫ time interaction effect. All P values were calculated using 9,999 permutations of the residuals using unrestricted permutation of the raw data and type III sums of squares (Anderson et al. 2008) . Ordinations for the multivariate species compositions for the total invertebrate, and the lepidopteran and hemipteran species were plotted using nonmetric multidimensional scaling. ANOVA tests of the trunk diameter for each treatment group on each sampling date were performed using the software package R v2.7.1 (R Development Core Team 2008). (Fig. 2) . The curve in Fig. 2a does not asymptote, suggesting that more species would have been gathered if more samples had been collected. Species richness was greater in April (autumn) than October (spring) (Fig. 2b) , and had a similar pattern in all transclones and controls (Fig. 2c) . From 19,162 individuals collected, the lepidopteran larval community was represented by 280 individuals comprising 13 RTUs, and the Hemiptera consisted of 240 individuals comprising 22 RTUs. The most abundant order was Collembola, which comprised Ͼ50% of the total species abundance. All other orders each comprised Ͻ20% of the total species abundance (Fig. 3) .
Results

From
Stem diameter differed signiÞcantly with time as the trees grew (F ϭ 106.656, df ϭ 3, P Ͻ 0.001), but not among treatments (F ϭ 1.504, df ϭ 5, P ϭ 0.196), with no signiÞcant treatment ϫ time interaction (F ϭ 0.179, df ϭ 15, P ϭ 1.000) (Fig. 4) .
Effect on Specimen Abundance and Species Richness. There were no statistically signiÞcant differences in geometric means of specimen abundance among the different treatments for the lepidopteran and hemipteran communities or for species richness for the total invertebrate, the lepidopteran, and hemipteran communities (Table 1; Fig. 5 ). The initial ANOVA analysis (R 2 model ϭ 0.696) suggested that treatment had a signiÞcant effect on the geometric means of specimen abundance for the total invertebrate community (Table 1) . However, subsequent pairwise comparisons showed that there were no statistically signiÞcant differences between treatments (P Ͼ 0.05) (Fig. 5) . Adding the covariate tree diameter to the total community specimen abundance model resulted in a stronger explanatory model with R 2 model ϭ 0.933, where tree diameter and time signiÞcantly affected total community specimen abundance, but treatment did not (Table 2) .
There was no signiÞcant effect of trees within treatments (Table 1) . There was, however, a signiÞcant effect of sampling date on the total invertebrate and hemipteran communities, suggesting that specimen abundance and species richness for those two groups changed over time without any signiÞcant interactions between treatments and sampling dates (Table 1) .
There was no signiÞcant time effect for the lepidopteran community (Table 1) .
Effect on Simpson's Index. There were no statistically signiÞcant treatment group differences in the SimpsonÕs indices for the total invertebrate community, the lepidopteran, or hemipteran communities (Table 3 ; Fig. 6 ). Sampling date signiÞcantly inßu-enced the SimpsonÕs indices of the total invertebrate and hemipteran community (Table 3) . The lepidopteran community SimpsonÕs index was not signiÞcantly affected by time, but there was a signiÞcant treatment ϫ time interaction effect, which was not signiÞcant for the total invertebrate and hemipteran community (Table 3 ). There was no signiÞcant effect of tree within treatment on any of the SimpsonÕs indices from the three communities examined (Table 3) .
Effect on Species Composition. In the nonmetric multidimensional scaling ordination plots for the species compositions, the treatments are scattered among each other, indicating the absence of an effect of treatment (whether a tree was one of the Þve transclones or a control) (Fig. 7) . However, the sample dates are well separated from each other with regard to all treatments, demonstrating differences in species composition on the four sampling occasions. Species composition differed signiÞ-cantly among trees within treatment for the total invertebrate and lepidopteran communities, but not for the hemipteran community (Table 3) . However, tree effects within treatment were independent of treatment, and had no signiÞcant effect on the species composition of the total invertebrate, lepidopteran, or hemipteran community (Table 3) . Neither was there any signiÞcant treatment ϫ time effect on the three communities evaluated.
Discussion
The results of this study showed that the transgenic P. radiata trees had no impact on invertebrate populations. No differences were found in species abundance, species richness, SimpsonÕs diversity, or species composition among the transclones and the control trees. This held true for the total invertebrate community as well as for the lepidopteran larval and hemipteran populations. Total invertebrate specimen abundance was inßuenced by tree size, with fewer specimens collected from smaller trees. There was signiÞcant and consistent variation among different collection dates in all biodiversity measurements for total invertebrates and Hemiptera, and for lepidopteran species composition. Temporal changes would be expected as trees grow and seasons change, but the absence of any signiÞcant effect of transgenic lines and control trees on the invertebrate populations was consistent among the different collection occasions. Fig. 5 . Geometric means and their 95% conÞdence intervals for treatment effects on specimen abundance and species richness of the total invertebrate, lepidopteran larvae, and hemipteran communities (n ϭ 118).
This study found no support for the theory that the use of the antibiotic resistance marker gene nptII in genetic engineering might have an unintentional effect on invertebrate populations or cause them to preferentially use or avoid nontransformed control trees. Similarity in compositions of lepidopteran and hemipteran species found on the transgenic trees and control trees showed that there were no preferences displayed by, or any negative or positive impacts on, the herbivorous invertebrate populations. These results suggest strongly that environmental risk assessment resources should be focused on the impacts of expressed traits that are likely to affect nontarget organisms and ecosystem processes, as has been noted by others (Raybould 2006 (Raybould , 2007 Romeis et al. 2008) , rather than on generalized concerns about potential effects of marker genes or the uncertainty of the process of transformation. It is worth noting that even where expressed traits have been the subject of the study, other factors may more signiÞcantly inßuence insect populations in forests. For example, season, leaf quality, and differences in genotypes seemed to be the reason for variations in insect densities and feeding damage by leaf miners on chitinase-altered transgenic silver birch (Betula pendula Roth) rather than the expression of the chitinase itself (Vihervuori et al. 2008) . Similarly, negative effects of transgenic lignin-altered poplars (Populus tremula ϫ Populus alba) on insect populations (Halpin et al. 2007 ) and of low-lignin transgenic aspen (Populus tremuliodes Michaux) on insect herbivory (Brodeur-Campbell et al. 2006 ) were attributed to factors other than the lignin modiÞcation, i.e., phytochemical differences in a tree line as an indirect consequence of transgenic manipulation. The usefulness of future studies would be enhanced through the incorporation of environmental as well as transgenic factors into the study design.
The current Þeld trial consisted of a small block of trees situated near mature P. radiata forest and was terminated when the trees were aged 9 yr. The potential impacts of transgenic trees may depend on a variety of factors, including landscape conÞgurations resulting in different ecological situations (Farnum et al. 2007 ). Larger continuous pine plantations and/or the proximity of native forests are likely to result in invertebrate community assemblages that differ from the assemblage encountered in this study. Therefore, additional Þeld as well as laboratory studies testing well-considered risk hypotheses on different invertebrate species could provide useful data to inform fu- testing the biosafety of transgenic trees before commercial deployment.
